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A lthough aging is the greatest risk factor for vascular disease and subsequent clinical complications, 1,2 relatively little is known about the biology of vascular aging. 1, 3, 4 A fundamental contributor to the initiation and progression of vascular disease, endothelial dysfunction is an independent predictor of vascular events in experimental models and humans. 1, 3, 5, 6 Although the loss of endothelial health is critical in relation to vascular disease, studies using endothelialspecific models or manipulation combined with aging are rare. In experimental models and humans, 2 common features of vascular disease during aging are interacting oxidativestress and low-grade inflammation. 1, 4, 5, 7, 8 Our ability to slow or reverse the progression of vascular aging is limited, in part because of poor understanding of mechanisms that control these processes.
A member of the nuclear hormone receptor superfamily, PPARγ (peroxisome proliferator-activated receptor-γ) functions as a ligand-activated transcription factor, 9 regulating expression of target genes by binding to PPARγ-response elements or other mechanisms. 9 Clinically, PPARγ is the target of thiazolidinediones (TZDs), high-affinity ligands used to treat diabetes mellitus. 9 Protective effects of TZDs include inhibition of inflammation and oxidative stress, 9, 10 concepts that are largely based on effects in young or adult models where PPARγ was activated pharmacologically (and in all cell types) using TZDs. In contrast, the current study used a cell-specific approach incorporating a human mutation in PPARγ that produces clinical symptoms to increase the relevance of the preclinical model. 11 The functional importance of PPARγ in relation to aging is hard to predict because of our incomplete understanding of its cell-specific effects along with potential gene-age interactions. 12 We hypothesized that endothelial PPARγ normally protects against age-induced oxidative stress and endothelial dysfunction. To address this question, we used mice expressing a human dominant negative form of PPARγ expressed specifically in endothelial cells.
A common site of vascular disease is the carotid artery. The clinical consequences of carotid artery disease progress with age and are substantial, contributing to ischemic stroke and cognitive deficits.
3,15 Thus, we studied this segment of the circulation. Overall, our findings suggest that age-related oxidative stress, inflammation, senescence, and vascular dysfunction are significantly increased after endothelial-specific interference with PPARγ, suggesting a critical role for this cell and molecule in protecting against fundamental aspects of vascular aging.
Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Experimental Animals
Protocols were approved by the Animal Care and Use Committee of the University of Iowa. We studied E-V290M mice (n=34) and nontransgenic (non-Tg; n=33) littermates. 13, 14 Littermates were used as they provide the most rigorous control in relation to genetics and environment (intrauterine and postbirth environment) along with diet and age. Both male and female mice were studied. Mice were fed standard chow and water ad libitum. Using radiotelemetry, we found previously that arterial pressure is normal in these mice. 13 Care of mice met the standards set forth by the National Institutes of Health for the care and use of experimental animals.
Statistical Analysis
All data are expressed as means±SE. Vasodilator responses were expressed as percent relaxation to U46619-induced precontraction. Comparisons between groups were made using ANOVA followed by Bonferroni or Tukey multiple comparison post hoc test. Statistical significance was accepted at P<0.05.
Results

Genetic Interference With PPARγ in Endothelial Cells Predisposes to Endothelial Dysfunction With Aging
Both genotypes of adult (11.6±0.3 months) and old (24.7±0.6 months) mice were carefully matched with respect to age ( Figure S1 in the online-only Data Supplement). Body weight was similar in all groups of mice ( Figure S1 ).
Acetylcholine and nitroprusside produced concentrationdependent relaxation of carotid arteries. Consistent with previous studies, 16, 17 there was no significant change in endothelium-dependent relaxation in arteries from old nonTg mice at the age studied ( Figure 1 ). Vascular responses to acetylcholine were similar in adult and old non-Tg mice as well as adult E-V290M mice (Figure 1 ). In contrast, responses to acetylcholine were reduced by >50% in old E-V290M mice (Figure 1 ). Within the aged group, the magnitude of response was similar in female and male animals. For example, percent relaxation of carotid arteries to 10 µmol/L acetylcholine was 84±2 (n=8) and 88±2% (n=14) in old female and old male non-Tg mice, but was 39±4 (n=8) and 44±4% (n=15) in old female and old male E-V290M mice, respectively. Relaxation of arteries to nitroprusside was similar in all groups ( Figure 1B ). For ease of comparison, maximum effects of acetylcholine and nitroprusside in all groups are presented in Figure 1C . These findings suggest that a form of vascular dysfunction in old E-V290M mice occurred at the level of endothelium and not vascular muscle. Thus, interference with PPARγ in endothelial cells did not affect endothelium-dependent relaxation in adult mice under baseline conditions but revealed a critical role for this nuclear receptor in protecting against endothelial dysfunction with aging.
Superoxide and NADPH Oxidase Contribute to Vascular Dysfunction in Aged E-V290M Mice
We next examined mechanisms that could account for impaired endothelial function in old E-V290M mice. Relaxation of carotid arteries to acetylcholine was not affected by treatment with tempol (a scavenger of superoxide) in the organ bath in adult or old non-Tg mice or adult E-V290M mice (Figure 1) . In contrast, reduced responses to acetylcholine in arteries from old E-V290M mice were restored to normal levels by tempol ( Figure 1 ). Tempol did not affect vasorelaxation to nitroprusside in any group (Figure 1 ). These findings suggest superoxide plays an important role in age-induced vascular dysfunction in E-V290M mice. Figure 1 . Response of carotid arteries to acetylcholine (A) and nitroprusside (B) in adult and old nontransgenic (non-Tg) and E-V290M mice, in the absence or presence of tempol. For both genotypes, n=6 adult and n=7 old mice. C, Shows maximum responses for combined groups. For both genotypes, n=11 for acetylcholine in adults, n=22 to 23 in old mice. For nitroprusside, n=6 adults and n=16 to 18 old mice. Statistical differences were based on 2-way ANOVA followed by Bonferroni post hoc test. All data are mean±SE. *P<0.05 vs adult.
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Activation of NADPH oxidase, a major source of superoxide in vascular cells, has been implicated in endothelial dysfunction in experimental models of aging and in arteries from aged humans. 4, 7, 8 We next examined whether treatment with an inhibitor of NADPH oxidase (VAS-2870) 14 would improve endothelial function in old E-V290M mice. Relaxation of the carotid artery to acetylcholine in old non-Tg mice was not affected by VAS-2870, but the response in old E-V290M mice was restored to normal levels by VAS-2870 ( Figure 2 ). VAS-2870 did not affect the response to nitroprusside in any group ( Figure 2 ). Thus, results with both tempol and VAS-2870 support the concept that oxidative stress and NADPH oxidase play a key role in vascular aging in E-V290M mice.
ROCK Contributes to Endothelial Dysfunction in Aged E-V290M Mice
There are at least 2 reasons to hypothesize that ROCK (Rho kinase) may play a role in vascular aging. Oxidative stress or loss of suppression of activity by eNOS-derived NO can activate RhoA and ROCK, a potential mediator of vascular dysfunction. 18, 19 In addition, several lines of evidence suggest that PPARγ in vascular muscle normally suppresses activation of RhoA/ROCK. 20, 21 In the current experiments, we found that inhibition of ROCK with Y-27632 substantially improved endothelial function in old E-V290M mice without affecting responses in old non-Tg mice ( Figure 3 ). Y-27632 did not affect the response to nitroprusside (Figure 3 ).
Vascular Dysfunction in Old E-V290M Mice Is Not Mediated by COX
Interactions between oxidative stress and other mechanisms of vascular dysfunction can contribute to vascular disease. 3 One such mechanism is COX (cyclooxygenase)-dependent production of endothelium-derived contracting factors or superoxide. 3, 22 In further experiments, we evaluated whether such a mechanism was functional in old E-V290M mice using 2 approaches. Relaxation of carotid arteries to acetylcholine was not affected by indomethacin (an inhibitor of COX) in either strain of mice, adult, or old ( Figure 4 ). Another approach to study the impact of endothelium-derived contracting factors is to use the calcium ionophore A23187. 22 In rings of arteries at resting tension, A23187 produced concentration-dependent contraction that was similar in adult nonTg and E-V290M mice ( Figure S2 ). Responses to A23187 tended to be greater in old mice of both strains, but these differences were not significant ( Figure S2 ). Vascular responses to A23187 were not affected significantly by indomethacin in any group ( Figure S2 ).
Aging Augments Select Vasoconstrictor Responses
To determine whether other vascular responses were affected by age or in E-V290M mice, we examined effects of serotonin and U46619. Via the actions of platelets or other mechanisms, both serotonin and thromboxane A 2 receptors are known to contribute to vascular disease. 3 Contraction of carotid arteries to serotonin was significantly increased with age to a similar extent in non-Tg and E-V290M mice ( Figure 5 ). In contrast, vasoconstriction to U46619 was not affected by age or genotype ( Figure 5 ).
Altered Gene Expression in the Vasculature of E-V290M Mice
To gain additional insight into mechanisms that may contribute to vascular aging, we measured relative expression of A B Figure 2 . Response of carotid arteries to acetylcholine (A) and nitroprusside (B) in old nontransgenic (non-Tg; n=6) and old E-V290M (n=6) mice, in the absence or presence of VAS2870. Statistical differences were based on 2-way ANOVA followed by Bonferroni post hoc test. *P<0.05 vs old.
A B Figure 3 . Response of carotid arteries to acetylcholine (A) and nitroprusside (B) in old nontransgenic (non-Tg; n=3) and old E-V290M (n=5) mice, in the absence or presence of Y27632. Statistical differences were based on 2-way ANOVA followed by Bonferroni post hoc test. *P<0.05 vs old.
several genes previously implicated in endothelial dysfunction and vascular disease ( Figure 6 ; Figure S3 ). There were no significant differences in expression of these genes in adult non-Tg versus adult E-V290M mice. Compared with adult non-Tg mice, levels of mRNA for TNF (tumor necrosis factor)-α, Nox-2, and RBP-7 (retinol binding protein 7) tended to increase in old non-Tg mice, increasing further in old E-V290M animals ( Figure 6 ). RBP-7 recently emerged as a protective molecule in endothelium, one that interacts with PPARγ. 23 Increased expression of RBP-7 in old E-V290M mice may reflect some type of compensatory response. Expression of IL (interleukin)-6, a proinflammatory cytokine implicated in vascular disease, was not altered in old nonTg but was increased substantially in old E-V290M mice. Increases in TNF-α and IL-6 are consistent with increased NF-κB mediated gene expression. Of note, mRNA levels of the senescence gene CDKN2A
24 also tended to increase in old non-Tg but increased significantly in old E-V290M mice. These changes were selective as there were no significant differences in expression of eNOS, HGF, RhoA, ROCK-2, or AT1-R in old E-V290M mice ( Figure 6 ; Figure S3 ). Although the approach is common, a limitation of these data relates to the fact that expression was measured in intact vessels. With the exception of eNOS (and perhaps RPB7), the genes quantified are not specifically expressed in endothelial cells. For example, if changes in IL-6 in old E-V290M mice were confined to endothelium, we may be underestimating the true magnitude of change in that group.
Discussion
There are several new findings in this study. At the ages studied, endothelial function was similar in adult and old non-Tg mice. Genetic interference with PPARγ in endothelium had no significant effect on vascular function in adult mice but produced substantial endothelial dysfunction in old E-V290M mice. Thus, the impact of endothelial PPARγ on endotheliumdependent vasodilation was context dependent and unmasked by aging. Despite no difference in biological age, interference with endothelial PPARγ predisposed to fundamental features of vascular aging. The magnitude of endothelial dysfunction in aged E-V290M mice was sex-independent. Mechanistic studies suggested that age-induced endothelial dysfunction did not involve COX, but required the activity of NADPH oxidase, superoxide, and ROCK ( Figure S4 ). Consistent with these functional data, vascular expression of Nox-2 and a molecular marker of cellular senescence were increased after Figure 4 . Response of carotid arteries to acetylcholine in adult (n=5 for both genotypes) and old nontransgenic (non-Tg; n=6) and E-V290M (n=5) mice, in the absence or presence of indomethacin. Statistical differences were based on 2-way ANOVA followed by Bonferroni post hoc test. *P<0.05 vs adult. Figure 5 . Contraction of carotid arteries to serotonin (n=5-6 in each group) and U46619 (n=6-7 in each group) in adult and old nontransgenic (non-Tg) and E-V290M mice. Statistical differences were based on 2-way ANOVA followed by Bonferroni post hoc test. *P<0.05 vs non-Tg adult.
endothelial interference with PPARγ in aged mice. To our knowledge, this is the first data for any portion of the vasculature to suggest that endothelial PPARγ plays an essential role protecting against age-related oxidative stress, inflammation, senescence, and endothelial dysfunction. Although we studied the carotid artery and aorta in the present study, we assume these protective effects of endothelial PPARγ are not unique to these vessels.
Endothelial Function and Aging
Endothelial cells impact the biology of large and small vessels in part through effects they exert on other cells, vascular and nonvascular. 3, 25 An example of this influence is their effect on smooth muscle and vascular tone. Examination of vasomotor responses controlled by endothelial cells is common in both basic science and clinical trials. Studies of this type provide insight into the regulation of vascular tone while providing an index of endothelial health, a predictor of vascular events. 3, 6 This end point also provides insight into the effectiveness of therapeutic interventions. Thus, we focused primarily on effects of age and PPARγ interference on endothelial function.
Endothelial dysfunction occurs with aging. 1, [3] [4] [5] 7 Although the loss of endothelial function progresses with increasing age, the temporal pattern depends on the species and the specific vessel. 4, 26, 27 In non-Tg mice, we found little change in endothelial function in carotid arteries at the ages studied, results consistent with previous studies that used mice at approximately the same age. 16, 17 Endothelial dysfunction in carotid artery and aorta of control mice become evident as the animals grow even older. 26, 28 In contrast to non-Tg mice, substantial impairment of endothelium-dependent vasodilation was present in old E-V290M mice. These changes were selective for endothelium because responses to an endothelium-independent vasodilator were not significantly altered in old E-V290M mice.
Impact of PPARγ Within the Vasculature
Although it was initially thought to primarily function within adipocytes, it is now apparent that PPARγ can be active in multiple cell types with cell-specific effects. 9 PPARγ is expressed in endothelium, including in the carotid artery. 9, 29 In various portions of the circulation, systemic TZD treatment affects vascular structure and has beneficial effects on vasomotor tone and vascular permeability in models of disease. 3, 9 Findings such as these, along with other lines of evidence suggest that pharmacological activation of PPARγ has protective effects on vascular cells. 9, 10 Patients with dominant negative mutations in the ligandbinding domain of PPARγ (V290M or P467L) exhibit earlyonset hypertension and diabetes mellitus. 11 Using mice expressing these same mutations provides a selective genetic approach to study the impact of PPARγ, avoid off-target effects of TZDs, and gain insight into PPARγ-dependent effects driven by endogenous ligands. Mice expressing the murine equivalent of the P467L mutation (P465L) in all cells share features of human disease including abnormal fat distribution, changes in circulating metabokines, and elevated blood pressure. 30, 31 In contrast, when these genetic manipulations are targeted to endothelial cells, there are no significant changes in body weight, fat distribution, arterial pressure, Figure 6 . Relative expression levels of mRNA in aorta from adult and old nontransgenic (NT) and E-V290M mice. *P<0.05 vs adult mice, n=6 in each group. Statistical differences were based on 2-way ANOVA followed by Tukey multiple comparison post hoc test. IL indicates interleukin; RBP, retinol binding protein; ROCK, Rho kinase; and TNF, tumor necrosis factor. plasma glucose, or cholesterol. 13, 32, 33 Because we did not measure arterial pressure in the current study, we cannot exclude the possibility that arterial pressure was increased in old E-V290M mice and that such changes could have contributed to changes in vascular function.
A few studies suggested that PPARγ may play a role in aging. For example, a global reduction in PPARγ expression reduces lifespan in mice. 34 Treatment of mesenteric arteries from elderly humans with a PPARγ agonist improved endothelial function. 10 Previously, we found that aging unmasked endothelial dysfunction in mice that express the P465L mutation in PPARγ in all cells. 17 Such data support the concept that PPARγ protects the vasculature but provided no insight into the cell type(s) or mechanisms involved. The current studies provide direct evidence that vascular endothelium is a key cell type where PPARγ normally acts to inhibit mechanisms that promote oxidative stress and vascular aging ( Figure S4) . Collectively, the findings indicate that PPARγ is protective during aging, being functionally important in the absence of any pharmacological manipulation.
Oxidative Stress and Vascular Aging
Studies in animal models and aged humans suggest reactive oxygen species and oxidative stress plays an important role in age-dependent changes within the vasculature. For example, both pharmacological and genetic approaches indicate that oxidative stress underlies impairment of endothelium-dependent vasodilation, a key feature of vascular aging. 3, 4, 7, 8, 16, 26, 27 Most evidence supports the concept that interactions between NO and superoxide, with resulting loss of NO-mediated signaling is the mechanistic basis for this form of dysfunction. 27, [35] [36] [37] Although antioxidant effects have been described based on systemic treatment with TZDs or genetic interference with PPARγ in all cells, the cellular site(s) that mediates these effects have not been defined and is not easy to predict. For example, genetic interference with PPARγ in smooth muscle has profound effects on vascular function without any apparent contribution by oxidative stress. 20, 32 NADPH oxidases are a prominent source of superoxide in vascular cells including endothelium. 3, 4, 8 Multiple lines of evidence suggest this enzyme complex plays an essential role in vascular abnormalities in models of aging and in arteries from older humans. 4, 7, 8 Our findings that a scavenger of superoxide or an inhibitor of NADPH oxidase acutely restored endothelial function to normal levels in old E-V290M mice supports the concept that oxidative stress is a key contributor to this vascular abnormality. The finding that Nox-2 expression was higher in these mice supports these findings as well. Because we were limited in the number of aged E-V290M mice available, we did not measure reactive oxygen species levels or activity of NADPH oxidase. This represents a limitation of the study.
In addition to oxidative stress, other processes can potentially interact with reactive oxygen species and thus contribute to changes with aging. 3 Although activation of a COX-dependent mechanism is one such process, 3 our data did not support such a possibility in old E-V290M mice. These findings in mice are consistent with data obtained in aged humans where inhibition of COX did not affect impaired endothelium. 37 Rather it seems that the NO-component of the vasodilator response is the key mechanism affected. 37 
Key Role for ROCK During Vascular Aging
As part of our effort to evaluate mechanisms in old E-V290M mice, we examined the role of ROCK. ROCK is the effector or target of RhoA, a small GTPase activated by diverse stimuli including reactive oxygen species. 19 In combination with RhoA, ROCK exerts important effects in the vasculature, but its impact varies regionally and is cell-specific. 19 In vascular muscle, ROCK is a major determinant of vascular tone because of effects on calcium sensitivity and the regulatory myosin light chain. 19 Several levels of interaction between ROCK and eNOS/NO-dependent signaling have been described. 19 In endothelial cells, ROCK inhibits eNOS expression and activity (via effects on mRNA stability and protein phosphorylation). Y27632 inhibits both isoforms of ROCK equally effectively. 18 We found that endothelial dysfunction in old E-V290M mice were reversed by this inhibitor. Although our data support the concept that ROCK plays an important role in vascular aging, it does not provide insight into which isoform was involved. Recent experiments suggest that ROCK-2 plays the dominant role in endothelial dysfunction produced by angiotensin II. 18 The present study is consistent with the concept that PPARγ in endothelial cells normally inhibits activation of RhoA/ ROCK, thus supporting endothelium-dependent vasodilation. Chronic inhibition of ROCK by PPARγ is potentially significant because the activity of ROCK is positively associated with cardiovascular events including stroke.
38
Perspectives and Significance
Although the presence of vascular disease is a well-known feature of aging, its biology has been greatly understudied relative to its clinical impact. When cell-specific mechanisms are taken into consideration, this gap becomes even greater. Although it is not uncommon in the study of atherosclerosis to perform cell-specific experimental manipulations, such approaches have been rarely applied to the study of vascular aging.
Data from experimental models and people suggest that interacting inflammatory and oxidative-dependent mechanisms are driving forces responsible for age-induced endothelial dysfunction along with stiffening of large arteries, vascular cell senescence, and atherosclerosis. 5, 39 The impact of endothelial PPARγ in vascular aging is difficult to predict when the diversity of gene targets along with possible geneage interactions are taken into account. 12 The present study provides the first evidence that age-related vascular dysfunction, inflammation, and senescence is accelerated after interference with endothelial PPARγ, supporting the concept that endothelial PPARγ normally protects against such changes. In relation to these findings, it is interesting that the CANTOS trial (Canakinumab Antiinflammatory Thrombosis Outcome Study) has provided outcome data that targeting inflammation in patients with vascular disease, most of whom were >60 years of age, is beneficial. 40 The finding of an essential protective role for endothelial PPARγ has implications for vascular pathophysiology as well as therapeutic approaches for vascular aging.
Caloric restriction is perhaps the most consistent experimental approach known to delay aging. 41 The discovery of caloric restriction mimetics is a topic of interest because of their potential therapeutic applications. In this regard, one of the molecules with the strongest caloric restriction mimetic activity is PPARγ. 42 The current findings related to vascular function and changes in expression of CDK2NA are consistent with this emerging concept. Thus, the study of PPARγ, along with target molecules that control these processes, may provide better insight into vascular abnormalities that occur with aging or other cardiovascular risk factors.
